Abstract. Magnesium stearate (MS) is the most commonly used lubricant in pharmaceutical industry. During blending, MS particles form a thin layer on the surfaces of the excipient and drug particles prohibiting the bonding from forming between the particles. This hydrophobic layer decreases the tensile strength of tablets and prevents water from penetrating into the tablet restraining the disintegration and dissolution of the tablets. Although overlubrication of the powder mass during MS blending is a wellknown problem, the lubricant distribution in tablets has traditionally been challenging to measure. There is currently no adequate analytical method to investigate this phenomenon. In this study, the distribution of MS in microcrystalline cellulose (MCC) tablets was investigated using three different blending scales. The crushing strength of the tablets was used as a secondary response, as its decrease is known to result from the overlubrication. In addition, coating of the MCC particles by MS in intact tablets was detected using Raman microscopic mapping. MS blending was more efficient in larger scales. Raman imaging was successfully applied to characterize MS distribution in MCC tablets despite low concentration of MS. The Raman method can provide highly valuable visual information about the proceeding of the MS blending process. However, the measuring set-up has to be carefully planned to establish reliable and reproducible results.
INTRODUCTION
Lubricant is added to tablet formulation to reduce die wall friction during compaction and ejection. They work by forming a layer between the particles and walls of the tableting die (1) . In addition, dry lubricants enable compression with lower pressure, decrease the heat formation during tableting, and ensure the appropriate quality of tablets. Magnesium stearate (MS) is the most commonly used lubricant in pharmaceutical industry, since it lubricates the mass already in small amounts, and it has low friction coefficient and low shear strength (2) . The applied MS concentration is usually 0.5-1% (w/w).
The effects of MS on the tablet properties have been studied since the 1950s. Its negative effects have also been reported since 1950s (3) (4) (5) (6) (7) . One of the biggest disadvantages of MS is its tendency to dramatically weaken the bonding properties of certain materials (1, 2, 4, (6) (7) (8) (9) . The thickness of MS layer depends on the blending time and the intensity of blending (10) (11) (12) . Increased blending time with the lubricant present has a negative effect on the tablet hardness (3, (13) (14) (15) (16) and compactibility, especially with plastic materials (6) such as starches and microcrystalline cellulose (MCC). They are more prone to this negative effect of MS because they do not fragment during compression; thus, no new MS-free surfaces are available for bonding (3, 4, 7, 16, 17) .
Bolhuis et al. (14) stated that when operating at the same rotation speed, the decrease in crushing strength was much faster in larger scale blenders than when using small-scale laboratory blenders. This is due to the higher shear forces in the former, resulting in faster film formation (14, (18) (19) (20) . The increase in the blender volume is also known to affect the kinetics of the lubrication process itself (21) .
Segregation can also pose a problem during the tableting process (22, 23) . It is known to be more pronounced with larger particles such as granules and when the size distribution is broad. Even if the size difference between MS and MCC particles is typically significant, segregation is not usually a problem mainly because the mixture of MS and MCC is an ordered (or cohesive) mixture as MS covers the MCC particles (13) . In the cohesive mixture, the movement of single particles is prevented by the relatively strong forces between the particles.
There have been numerous attempts to detect lubricant films by chemical or physical methods in order to get better understanding of the nature of these films. However, most of these investigations have relied on indirect techniques (24) . Energy-dispersive X-ray microanalysis (EDX) has been applied to detect MS from surfaces. Pintye-Hódi et al. (25) succeeded to detect the magnesium peak at higher amounts of MS. The thickness of the film was found to be variable and even after 1 h blending time MS crystals were found in the blend. It is also postulated that MS can enter cavities in the excipients (26) . In addition, Hussain et al. (27) estimated of the surface coverage by EDX. Abe and Otsuka (28) used electron probe microanalyzer to characterize MS coverage on potato starch particles. They found a difference in coverage after 0 and 180 min blending time. Secondary ion mass spectrometry has been used to detect MS as well (29, 30) . It seemed that the lubricant film is a blotchy rather than a continuous layer (29) , and it forms in minutes (30) . In addition, flame atomic absorption spectroscopy method has been used to evaluate MS distribution (31) . Levels of MS as low as 0.05% has been detected by near-infrared spectroscopy (NIRS) from powder blends (32) . NIRS has also been used to monitor MS blending process and its effect on prolonged dissolution time (28) . NIRS and laser-induced breakdown spectroscopy have each been demonstrated to be capable of rapid MS analysis in the range of 0.1-2% most typically encountered in pharmaceutical powders and solid dosage forms (33) .
The use of chemical imaging based on vibrational spectroscopy (infrared, near infrared, and Raman) has been rapidly increasing in the field of pharmaceutical technology during past few years. Raman imaging is a non-destructive method, and it gives information about the chemical composition, structure, and morphology of solid pharmaceuticals. The spatial distribution of components in tablets has been analyzed using Raman imaging and mapping (34) (35) (36) (37) (38) (39) (40) (41) (42) .
Raman mapping can be a very slow process depending on the equipment and the chosen parameters. However, new equipment and measuring methods are making the process faster. This method can be used, for example, to measure the uniformity of blending, the existence of agglomerates and the migration of material during aging. Raman spectroscopy enables the detection of MS on the surfaces of the tablets and powders. Raman directly measures hydrophobic CH 2 -groups in MS (43) . Henson and Zhang (44) measured low-dose tablets using Raman mapping. According to their results, Raman mapping reveals information about the distributions of the drug and, roughly, even the particle size. They emphasize that, based on the images, it cannot be told if there is one large particle, agglomerate, or loose particles next to each other. Micro-Raman spectroscopy is a convenient method for surface analysis because it can provide specific chemical information with good spatial resolution. Appropriate selection of laser source and microscopic objective (magnification) can provide laser spot sizes of 1 μm diameter or smaller (45, 46) . Vajna et al. (42) used Raman imaging for detecting structural differences in imipramine tablets. They found that the distribution of MS can be properly visualized using high spatial and optical resolution. The laser spot size and the sampled depth with the ×10 objective was too large to capture MS signals. However, using ×100 magnification, distinct particles of the lubricant were detected. Widjaja and Seah (47) detected low concentrations (0.2-2.0% w/w) of MS using Raman microscopy and band-target entropy minimization technique. MS has also been determined at concentration levels of 0.5% (w/w) from powders and 3% (w/w) from tablets (43) . MS seemed to be located on the surface of particles (46) . However, in another study, it seemed that no obvious spectral information of MS (2% w/w) existed in the image data when measuring tablet using Raman spectroscopy (39) . It can be thus concluded that the determination of MS with Raman spectroscopy is formulation and set-up dependent.
The aim of the study was to characterize the distribution of MS in MCC tablets using Raman chemical imaging. Different blending times and scales were used to demonstrate the effect of MS on the crushing strength of the tablets. Crushing strength of tablets was chosen as a secondary response to (over)lubrication because the decrease in crushing strength is known to demonstrate the lubrication phenomenon well.
MATERIALS AND METHODS

Materials
The lubricant effect of magnesium stearate (MS) was studied on binary blends of MS (1% w/w) (Ph. Eur., Orion Pharma, Espoo, Finland) and microcrystalline cellulose (MCC) (99% w/w) (PH101, IMCD Sweden AB, Malmö, Sweden).
Methods
Scanning Electron Microscopy
A scanning electron microscopy (SEM) (Zeiss DSM 962, Oberkochen, Germany) was used to illustrate the particle size and shape. Powder was sprinkled on top of a carbon tape, and loose particles were removed with pressurized air. Samples were then coated with conductive platinum coating in vacuum evaporation coater. SEM micrographs were obtained at an acceleration voltage of 10 kV and magnification of ×500 was used. SEM images are presented in Fig. 1 .
Blending and Tableting
The binary blends of MS and MCC were manufactured. The blend was loaded into a glass jar in a systematic fashion, with MS in the middle of the glass jar (49.5% MCC-1% MS-49.5% MCC). Three blending scales were used: laboratory (1 L), pilot (10 L), and production (80 L). In addition, two replicates were made from each scale. Laboratory and pilot scale were blended using laboratory drum blender (Medikalla Oy, Kuopio, Finland), and production scale was blended with production drum blender (Winkworth blender SDT 65, Staines, UK). The batch sizes were 400 g with 1 L container, 4,000 g with 10 L container, and 32,000 g with 80 L container. The filling rate was 67% (v/v) for every scale. Blending times were 1, 2, 3, 5, 10, 30, 60, and 90 min. All the other variables were kept constant: the blender type (drum blender), the powder loading to the container, and the rate of rotation (12 rpm). The powder masses were allowed to adjust in a constant humidity of 50%±2% RH for 2 weeks before tableting. The blends were tableted with eccentric tablet press (Hanseaten E1, Wilhelm Fette GmbH, Schwarzenbek, Germany) using flat 9-mm punches. The weight of the tablets was adjusted to 250 mg. The tablets were individually weighed before the Raman measurements. In addition, the crushing strengths of three tablets were measured using diametral hardness tester (Dr. K. Schleuniger & Co. 2 E, Thun, Switzerland) from each blending time point.
Raman Mapping Set-Up
Raman mapping spectra were collected on a Horiba Jobin-Yvon LabRAM system (Lyon, France) coupled with an external 532 nm Nd-YAG laser source and an Olympus BX-40 optical microscope. A high magnification objective (×100) was used for optical imaging and spectra acquisition. When acquiring a spectrum, the laser beam is directed through the objective, and backscattered radiation is collected with the same objective. The collected radiation is directed through a notch filter that removes the Rayleigh photons, then through a confocal hole and the entrance slit onto a grating monochromator (1,800 grooves/mm) that dispersed the light before a charge-coupled device detector. Spectral resolution was approximately 3 cm −1 . Exposition time was 2 s and spectra were averaged 10 times at each point. The measured spectral range was 182-1,652 cm −1 , but only the range of 870-1,652 cm −1 was chosen for modeling the data. Spatial step size was 5×5 μm, and the measured area was 49×49 points (pixels), covering an area of 250×250 μm.
Raman Mapping of Tablets
Raman maps were collected from the surface of the tablets. All spectra were baseline corrected to remove the fluorescent background using piecewise linear baseline correction with the same baseline points for all the maps and reference spectra. The Raman spectra of all points were modeled with classical least squares (CLS) method using the pure component spectra of MCC and MS. The method is described in details by Vajna et al. (42) . The modeling gives a spectral score (that is in correlation with the concentration) for all the components. The score ranges from 0 to 1, where 0 means that the ingredient is not present (or is under limit of detection) in the measured area, while 1 means that the point consists of that component only. Distribution maps of the MS were created by plotting the CLS spectral scores against the X and Y spatial coordinates. Several different statistical parameters were calculated to describe the differences among the samples, such as average, standard deviation, maximum observed score, skewness, kurtosis, and median. Mean and median indicate the average spectral MS content in the tablets, while the other parameters help to assess the heterogeneity of the MS. The spectral concentrations are not equal to the real (e.g., mass percent) concentrations, but have been shown to be good approximations for real concentrations (36, 42) . Raman mapping was performed on tablets made from blends at blending times of 2, 5, 30, and 60 min.
Data Analysis
The comparison of Raman maps was carried out both visually and statistically. The visualized concentration maps give information about the spatial distribution. The color scale (0-0.73) assigned to the concentrations was chosen to yield the most clearly visible and comparable pictures. Additionally, a histogram was calculated for each Raman map, describing the mathematical distribution of the calculated concentrations. The histograms were produced using MATLAB 7.10 (MathWorks, Natick, MA, USA) and Excel 2007 (Microsoft Corp., Redmond, WA, USA).
Student's t test at 95% confidence level (paired media) was applied to compare the differences between blending scales. Individual time points were compared between different blending scales.
RESULTS
The Effect of Magnesium Stearate on Crushing Strength of Tablets
The crushing strength of tablets was generally found to decrease with the increase of blending time (Fig. 2) . The Yaxis in Fig. 2 is presented as the crushing strength of tablets divided by their individual weight (48) . This operation made the values better comparable. Logarithmic trend line was fitted to the data because the crushing strength of the tablets is known to decrease, when the blending time increases, in a semilogarithmic manner (18) . The decrease in crushing strength was more pronounced in larger production scales. The difference was not substantial during the first few minutes, although the 1-L scale could be already differentiated from larger scales. The difference between scales was more apparent after 3 min.
The differences between 10 and 80 L were smaller than between 1 L and larger scales. Statistical Student's t test at 95% confidence level was applied to compare the differences among blending scales. The resulting p values indicated that there was statistically significant difference, at every time point, between the time points of 1-and 10-L scale and between 1-and 80-L scale (p<0.05). Statistically significant difference between the time points of 10-and 80-L scale was achieved only at longer blending times, from 5 min onwards (p<0.05). The results suggest that lubrication was more efficient in larger scales. Even if the filling rate was the same in all of the scales, the effect of the container walls could be different. MS could not disappear during the blending process, but it was possible that the MS particles adsorbed onto container walls, to give the impression that there was less MS in the mass. Hence, using a smaller container resulted in relatively more effective MS adsorption to the container walls due to the higher ratio of wall area and container volume. Therefore, MS stayed more efficiently within the bulk powder at larger scales, resulting in a higher amount of MS being present in the final tablets. In addition, there was higher number of individual particles in the larger scale containers, which affected on the blending phenomenon itself. Thus, 80-L batches should have more significant reduction in the crushing strength than 10-L batches. In addition to the phenomena above, MS could also be adsorbed onto the punches and the die walls during the tableting process. This could lead to a higher concentration of MS on the surfaces of the tablets. However, the decrease in crushing strength was mainly due to the MS coating.
As mentioned earlier, the crushing strength of tablets decreased as the blending time increased. This was concluded to result from the coating of MCC by MS during blending. During the MS blending, the free MS particles are at first adsorbed on the surfaces of the excipient and drug particles, and then, they shear off the agglomerates and become distributed evenly on the surfaces (3). Hence, the crushing strength of tablets could be used as a reference for the lubrication effect and the tablets could be used for Raman spectroscopy measurements.
Raman Mapping
Uniformity of tablet surfaces was ensured in preliminary Raman mapping by collecting spectra from various areas throughout tablet surfaces (results not shown). Raman maps were measured from tablets of every blending scale (1, 10, and 80 L). Time points were selected to be 2, 5, 30, and 60 min. The first time point (1 min) was not used for mapping because such short duration of blending results in a high degree of both between-and within-tablet heterogeneities. Thus, altogether 12 tablets were measured. The spectra measured from the pure MS and MCC and spectrum measured from tablet are presented in Fig. 3 .
The Raman maps in Figs. 4, 5, and 6 give information about the spatial distribution of MS within the investigated tablets. The same color scale (0-0.73) was used to achieve comparable pictures. High spectral concentration (also known as Raman score, which is in correspondence with the true concentration) for MS is shown with lighter colors, while darker colors correspond to high concentration of MCC. Additionally, histograms were calculated for the scores observed in each Raman map, describing the mathematical distribution of the calculated concentrations (Figs. 4, 5 , and 6). For clarity, the highest bars (more than 400 pixels) are cut off in the histograms. In such cases, the number of pixels is numerically indicated above the bar. The last bar in each histogram represents all MS concentration values over 15%.
The distribution of MS in the tablet which mass was homogenized for 2 min is shown in Fig. 4a . There were areas that contained MS in very high concentration (yellow points on the image). In the histogram (Fig. 4b) , this was represented by the fact that the number of pixels with more than 15% MS was very high. Furthermore, it could be observed that there were numerous MS aggregates on the image. The histogram showed that there were also a lot of pixels, which contained no MS at all (Fig. 4b ). There were still large MS particles in the sample prepared after 5 min blending (Fig. 4c) . It could be seen, however, that the number of pixels containing ∼3-9% MS was higher in the 5 min than in the 2 min sample (Fig. 4d) . This also suggested that MS started to form a layer on the MCC particles. In addition, there was less yellow color in the figure indicating the disintegration of MS aggregates, corresponding to a lower maximum MS concentration within the entire Raman map. After 30 min blending, there were less large particles of MS than in the sample homogenized for 5 min. In addition, there were no particles with very high concentrations of MS. The histogram shows the increasing number of pixels containing low concentration of MS (Fig. 4f) . Furthermore, the last bar representing MS values over 15% is really low. Figure 4g showed blurred and almost disintegrated particles of MS on the whole surface after 60 min of blending. However, few MS clusters could still be detected.
When investigating 10-L scale, large MS clusters could be identified in the tablet homogenized for 2 min (Fig. 5a) . The histogram showed that there also were plenty of pixels with no MS at all. There were still large particles of MS in the sample after 5 min blending (Fig. 5c) . However, the clusters had started to spread, which indicated that MS had started to form a layer on the MCC particles. After 30 min blending, the clusters became smaller (Fig. 5e) , and there were less large ) on the white background was chosen for data analysis particles of MS than in the sample homogenized for 5 min. In addition, there were fewer particles with very high concentrations of MS. Figure 5g showed blurred and almost disintegrated particles of MS on the whole surface after 60 min of blending. It seemed that MS particles have widely coated MCC particles.
Visually, it seemed that the Raman maps after 2 and 5 min blending were quite similar (Fig. 6a) . However, difference can be observed by reviewing the histograms. The amount of pixels containing 0.5-4% of MS was higher after 2 min blending, suggesting that, in this case, MS was not spread more efficiently after 5 min blending. Interestingly, after 30 min blending, there were still MS clusters (Fig. 6e) . After 60 min of blending, the clusters have disintegrated and MS has spread quite evenly on the tablet surface, which can be observed as bluish (Fig. 6h) .
When inspecting the 2 min time point for every scale, it was noticed that the blending effect was more pronounced when going towards larger scales. While local deviations exist from the general trends, it can be concluded that the homogenization of MS blending occurs faster at larger scales, as also seen on the slope of trending curves on Fig. 2 .
Statistical Parameters
Descriptive statistics concerning Raman maps are shown in Table I , which gives further information about the blending processes. For instance, when comparing time points between different scales, the skewness and kurtosis values were larger with 10-and 80-L scales than with 1-L scale. In addition, the average and the relative standard deviation decreased when the blending time increased. In theory, the maximum values and standard deviation of Raman scores (spectral concentrations in the separate pixels) should decrease as the homogeneity increases. References towards this can be observed in Table I . However, how relevant these trends are is unknown. The drawback of the abovementioned statistical values is that these descriptive parameters (except the median) are mostly valid only if the distribution of score values is close to Gaussian. This is, to the authors' experience, not the usual case with Raman maps. The distributions beside the histograms in the previous section can be also illustrated with box plots (Fig. 7) showing the median, the range of the closest ±25% of points to the median, along with the non-outlier range and the outliers. The statistical parameters support the general observations, but the main 
DISCUSSION
Usually, the aim of the blending process is to achieve homogeneity. However, MS blending differs quite dramatically from any other blending scenarios. The lubricant needs to be distributed within the mass sufficiently to allow efficient and problem-free tableting. Simultaneously, MS particles start coating particles of other materials and thus prohibit the bonding between particles. If the optimal blending time is exceeded, overlubrication happens. This overlubrication is also called the magnesium stearate effect. Although overlubrication of powder mass during MS blending is a well-known problem, the lubricant distribution in tablets has been traditionally challenging to measure. There is currently no adequate analytical method to detect this phenomenon precisely and fast.
Raman spectroscopy can be utilized for measuring the lubrication effect of MS. Raman mapping can differentiate 2 min blending from 60 min blending, but it remains to be seen if 2 min blending from 5 min blending can be differentiated in a statistically significant manner, which would be more useful when considering real-life needs. In order to increase the sensitivity of the statistical evaluation, a great number of samples are required. More work is needed on that field.
The MS percentages calculated with CLS method based on the Raman spectra were a bit higher than the real MS concentrations. However, it has been stated that the Raman scores are only approximating the real concentrations (42) and results serve only a semiquantitative approach, and it is more reliable to compare trends than actual MS concentrations.
The measured area was 250×250 μm, and the step size was 5 μm for the Raman mapping. The particle size of MS was around 10 μm. Thus, it is safe to assume that Raman is able to observe most of the MS particles. However, some MS particles can be sheared during blending and tableting and the particle size can be decreased under the detection limit, which was 1% (±0.5%) per pixel. As MS gets homogenized, some pixels may contain MS below the detection limit and may result in the overall loss of average MS score. The coating of the larger particles with smaller particles is generally considered a challenging task for spectroscopic measurements (49) .
In addition to the already mentioned considerations, there are plenty of other parameters to be considered when collecting Raman maps, with the integration time, step size, measured area, used wavelength, and laser power being the most important issues. When the integration time is increased, step size decreased, wavelength range increased, or area increased the measuring time increases. Thus, the time is the limiting factor in these kinds of measurements. In this study, increasing the measured area was not a priority as the primary The parameters have been calculated using pixel information of ms distribution in raman maps St dev standard deviation, Rel st dev relative standard deviation, Max maximum value a Without the first and the last bar in the histogram Fig. 7 . The MS distributions illustrated with box plots for 1-L scale showing the median (square), the range of the closest ±25% of points to the median (rectangle), the non-outlier range (line), and the outliers (circle dots)
concern was the high magnification to ensure appropriate detection of MS particles. Thus, MS can be qualitatively detected from the tablet surface, but quantitative determination would demand massive amount of repetitive measurements that would be too laborious and time-consuming with the point mapping set-up. However, the results are still suggestive and highly informative and reveal new insights to MS blending. In addition, they demonstrate the potential of Raman mapping in this kind of study.
CONCLUSIONS
Monitoring of MS blending is an extremely challenging and difficult process due to the low overall concentration of the lubricant and the fact that the phenomenon of interest is not directly linked with any chemical properties of the mass.
The aim of this study was to investigate the distribution of MS in MCC tablets in three different blending scales. The crushing strength of tablets against the blending time behaved similarly for all the production scales. MS blending was found to be more efficient in larger scales. However, the results gained from the laboratory scale could not directly predict the blending time for greater scales without altering the crushing strength of tablets in the scaling-up process.
In addition, coating of the MCC particles with MS particles in intact tablets was detected using imaging Raman spectroscopy. The Raman method is non-invasive and can provide highly valuable visual information about the progress of the blending process, and it can be used to detect MS in MCC tablets. However, the process is time-consuming and demands precision.
